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Abstract

Through a series of e-Science projects we have ex-
plored the creation of a complete digital chain of
knowledge from the scientific laboratory through
to scholarly research output. In this paper we de-
scribe this experience and we discuss three per-
spectives on collaborative knowledge acquisition
within the context of this cyberinfrastructure: Pub
lication at Source, Record and Reuse, and Annota-
tion.

1 Introduction

The deluge of data from new experimental technicpresb
high throughput data acquisition technologies eganpor-
tant new opportunities for scientific knowledge aisgion.

This is a key motivation for e-Scienfidey and Trefethen,
2003] and hence the development of cyberinfragirecto

support the scientific discovery process, with aggpion

across a broad range of disciplines.

While individual projects have focused on particuda-
pects of handling the data deluge or specific paftshe
scientific process, when we step back we see araigture
of scientific knowledge acquisition and its lifedgc
Through a series of e-Scienpeojects in the chemistry do-
main we have explored the means of creating a catepl
digital chain of knowledge from the scientific labtory
through to scholarly research output — and back.

In this paper we provide an overview of the keyeasp
of the systems we have built and we present theesppc-
tives on collaborative knowledge acquisition witktire con-
text of this cyberinfrastructure. These perspestigapture
the evolving design of our systems over the coofs®ur
years based on experience with users, researcherdes-
lopers.

In Section 2 we set the scene with a holistic vidvihe
scholarly knowledge cycle. We then in Section 3tstathe
laboratory, move onto the processing, assimilatard
analysis of the data in the e-Sciemesearch environment,
and finally consider the developments possiblecimotarly
publishing and dissemination of the data. In Sectdlowe
look at capturing knowledge in experiments in rigale and
in meetings, an essential but often ignored aspfeitte sci-
entific discourse when considering the digital areRe-

flecting on this, in Section 5 we present threespectives
on collaborative knowledge acquisition within thentext of
this cyberinfrastructure: Publication at Sourcecdtd and
Reuse, and Annotation. We close with a discussiodc-
tion 6 and conclusions in Section 7.

2 TheScholarly Knowledge Cycle

For many e-Sciencprojects the end result is new data that
has been produced faster or which would not hawn be
produced at all without the new techniques. Howether
overall aim of e-Science is new scientific discgyend we
need to think not just about how to do the expeninbetter
but how we get to the experiment in the first plathis
means we need to look at the creation of new sfient
knowledge through the overall scientific processthe
scholarly knowledge lifecycle, as depicted in figur. The
data and publication outputs of the scientific psx feed
into repositories, archives and digital librarid®y are used
by researchers and also by learners. Ultimatelycttode is
about the flow of knowledge from the laboratory tte
scholarly output and back.

The CombeChem project (www.combechem.org) is
broadly characteristic of many e-Sciemm®jects focusing
on using grid techniques to cope with the datagkelin this
case from parallel experiments and high througlsputen-
ing or even just many laboratories contributingiralally
to the global scale chemistry activity. It has feed on
gathering data in laboratories and from instrumemshe
grid, and enabling researchers to use it (for examipy
performing compute-intensive computations) to gateer
results and papers — the scholarly research oulyitit. the
related projects eBank and CoAKTIinG, CombeChem has
set out to explore the broader scholarly lifecyyelooking
at interlinking of information from the laboratotlyrough to
the scholarly output, which in turn is used by esshers
and — through the e-Malaria project [Gledhill et aD06] —
learners.

Underlying this is the crucial observation that thetails
of the origins of data are just as important toarsthnding
as their actual values. Hence the CombeChem visias
motivated by the notion of “ Publication at Sourca™term
which describes the need to capture data and it$exD
from the outset and maintain a complete end-toesmuhec-
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Figure 1: The Scholarly Knowledge Cycle (Liz Ly@krjadne Issue 36, July 2003, swww.ariadne.ac.L.)

tion between the laboratory bench and the intelkdct
chemical knowledge that is published as a resuthefin-
vestigation [Frey et al., 2002]. It is much eadi@rcollect
this information at source and at creation, thaenapt to
add it later.

The creation of original data is accompanied byrimfa-
tion about the experiment and experimental cormstian
which it is created. There then follows a chairpadcessing
such as aggregation of experimental data, seleofianpar-
ticular data subset, statistical analysis, or nlodgland
simulation. The handling of this information mayclunde
annotation of a diagram or editing of a digital geaAll of
this generates secondary data, accompanied byfirenia-
tion that describes the process that producedadt tlis may
be maintained in a variety of distinct datastofBistough
the principle of publication at source, all thisaléss made
available for subsequent reuse in support of thensfic
process, subject to appropriate access control.

Some of these ideas are also demonstrated in thédWo
Wide Molecular Matrix [Murray-Rust, 2002] and thel€
laboratory for Multiscale Chemical Science (CMCBlyers
et al., 2005]. The use of knowledge technologiebiwithe
Grid context is explored through many Semantic Grio-
jects (see semanticgrid.org), notably tR¥Grid project
[Goble et al., 2003] which provides a comprehensieat-
ment of provenance capture in the context of iicsivork-
flows [Zhao et al., 2004]. CombeChem has becomabest
lished as a Semantic DataGrid [Taylor et al., 2005]

3 From laboratory to publication

3.1 Design principles
We took a decision at the outset that our reseprofects
would be conducted ‘in the wild’, i.e. real usergtually
using our solutions within their scientific work.eHce we
took an important decision to base our systems stabe
lished practice in the first instance, as this wasmost ef-
fective route to adoption.

Our design approach adopted five principles [Tawor
al., 2006]:

1. Grounding in established operational practice — our

starting point was to study chemists at work;

Capturing a rich set of associations between pkgyof
things, expressed pervasively in RDF and hencae@xpl
itly addressing the sharing of identifiers;

3. Metadata capture should be automated as far aibfgoss

— our goal is efficient augmentation not disruption

4. Information will be reused in both anticipated and
anticipated ways;
5. The storage, maintenance and transport of metadthta

be given equal consideration to data, ensuringati&i

ity of accurate metadata, a dependable provenasce r
cord and comprehensive understanding of the context
of data.
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3.2 Knowledge acquisition in the laboratory

The system supports the chemist through the wkitde |
cycle of an experiment, which we break down intarfo
parts, with the “PPPP” mnemonic: Plan, Perform, d&on
and Publish. Although simplistic, this does captuany of
the aspects of the discovery process.

The acquisition starts with planning and performing-
ing the smart laboratory and Grid-enabled instrusatém
[Hughes et al., 2004]. By studying chemists wittia labo-
ratory, Electronic Laboratory Notebook technologg tbeen
introduced to facilitate the information capturettas earli-
est stage [schraefel et al., 2004]. Additionallyrvesive
computing devices are used to capture live metaaaiais
created at the laboratory bench, relieving the dbieaf the
burden of metadata creation [Frey, 2004, Robindoal.e
2005]. This aspect, which is a significant enaliber Publi-
cation at Source, is set to grow considerably asaséve
computing deployment advances.

It is significant that this capture makes use dahbm re-
cord of the researcher’s planned activity and wdwtially
occurs. In the UK the chemist has to produce a pfathe
experiment as a list of the reagents to be usatlaap asso-
ciated hazards, as part of the COSHH (Control Of-Su
stances Hazardous to Health) assessment.

The plan is a key part of the knowledge captursup-
port of the publication at source model. It alsaldas the
Electronic Laboratory Notebook to provide a guidethe
experiments in the laboratory. Capturing the experit as a
re-usable digital artifact also facilitates sharargl re-use of
experiment design.

3.3 Supporting the pondering phase

Experimental results are then used by researchétsnw
CombeChem’s grid-based
sharing environment that integrates existing chamic
knowledge, specifically structure and property dadarces.
The research that is conducted, which may invoirailg-
tions using the Grid, leads to new results andutdipation.

At the outset we anticipated that we would supploig
environment by using RDF as a means of integrargss
the many established data sources, which incluld¢ioral
databases and third party information providerssTit a
good example of the use of RDF triplestores in wociion
with database solutions.

In practice we found that the chemistry researchense
keen to import chemical information directly intoet RDF
stores. The benefits were the uniform descriptiod the
flexible schema afforded by this approach, coningsthe
diversity of relational databases where changinigesza
was impossible or achievable only at very high cost

This triplestore contains tens of millions of RDiples
and represents a substantial Semantic Web depldyiea
chemical data was obtained from a range of pubbelgil-
able databases including the ZINC database [Irwid a
Shoichet, 2005], the National Institutes for HealttiH)
and in particular the National Cancer Institute (N€hemi-
cal data. We used the open source 3store tripkestoft-
ware, which was used in a similar harvesting roléhe CS
AKTive Space project [Shadbolt et al., 2004].

The current target is 200 million triples. Howewse
have moved away from managing everything in oné- sca

information-and knowledge-



able triplestore. This harvesting and hoarding apghn to
the “mash-up” benefits the immediate users butfitsenot
in the spirit of CombeChem’s open approach to shiolig
knowledge. Rather,

plestores as required — the Web itself then becdheescal-
able triplestore, and the sources are availablecforse.

The ontologies that were created to support thisrem-
ment are described in [Taylor et al, 2006].

3.4 Publishing

As an example of the output of this process, thgstals
interface shown in figure 2 provides a web page pleta
with a 3D visualisation of a molecule, data coliectpa-
rameters and links back to the files of data whéchto this
output (see ecrystals.chem.soton.ac.uk). Behirgl dimple
interface there is a complex picture including eedse set
of stakeholders — the federation model involves datlec-
tion, data curation and preservation in databasdsdata-
banks, institutional data repositories, aggregaenvices,
portals and publishers. We also produced an acadespier
in this form [Rousay et al., 2005].

The interlinking of research data and researchipatixbn
is the subject of the eBank project, which providgsn
access crystallography data interlinked with itsivaal re-
search publications — it is possible to chase hadee ex-
actly where results have come from, or even to fewkarch
publications arising from data. In line with theidal library
context for this work, OAI (Open Archives Initiagy meta-
data is harvested from institutional data repostor

As part of this exercise, the Repository for th&dratory
(R4L) project is developing digital data and docamee-
positories for laboratory-based science (see mheporg).
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4 Collaborative Tools

The scholarly knowledge cycle as we have discugssd
far is about sharing and collaboration of an asymobus
nature — publishing things at each other. Throubh t
CoAKTInG project (Collaborative Advanced Knowledge
Technologies in the Grid — see www.aktors.org/ciogt
we have also addressed synchronous collaborat®mca
curs in the meetings that pervade the life of alnatisre-
searchers, increasingly taking the form of teleghamd
videoconferences amongst geographically dispersad c
leagues. The CoAKTInG project, which was part & &d-
vanced Knowledge Technologies Interdisciplinary é2esh
Collaboration, investigated the use of knowledgghielo-
gies to enhance meetings, and this has fed thrdirghtly
into the followon Memetic project (see www.memetic-
vre.net). The tools are illustrated in Figure 3.

The objective of COAKTInG was to advance the stdte
the art in collaborative mediated spaces for diatad
e-Science through the novel application of advarkcenivl-
edge technologies [Bachler et al., 2003]. It cosgsifour
tools: meeting capture and replay, instant mesgagimd
presence notification (BuddySpace), graphical meeéind
group memory capture (Compendium) and intelligéodo’
lists (Process Panels). These are integrated thraug
changing and storing events according to a setaAke
TinG ontologies. CoAKTIinG conducted case studiethwi
CombeChem, to put the tools in the hands of e-8sten
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The discussions between the two teams led to twionm
of integration: “shallow”, where the tools are dem@d as
they are, and “deep” where the tools are more ity

book. It is more than this, for any item can bengal into
numerous trails”.

integrated with the CombeChem systems. The BuddySpa 5.2 Record and Reuse

system can be adapted to show and track the ititamac

In all the examples given so far we are making rdiogs —

between staff and equipment, Compendium provides thpe it data from an X-Ray diffractometer, a videoaoper-

harness to ensure more adequate capture of thesdisns
in analysis, while Process Panels provide the meatrack
the workflow in the performing and pondering phases

By providing tools for mapping and recording megsin
or experiments, CoAKTIinG and Memetic make thesentsve
persistent and replayable — they turn them intifaats for
retrospective use. In fact they blur the synchrerou
asynchronous distinction by effectively turning tiregs
into documents, which can then be stitched in hil ex-
perimental data and results to provide a compleistgr-
linked digital record in line with Publication ab&ce.

5 Pergpectives

As we have moved from requirements — the Publinasib
Source model — to design, implementation and etialua
our model for thinking about the systems has ewblaad
our view on the nature of what needs to be recotues
developed. From concern with the data and its pranee
has evolved to deal more directly with the proceshet
produce the data and their context. This requinesability
to share an even wider range of data and desacriptid
process, and be able to manipulate them both, ategbaand
together.

5.1 Publication at Source

This was the original notion that motivated thi$ skpro-
jects — the idea that instead of reading values table or
graph in an academic paper, scientists need atoetse
data, derived data resulting from analysis, and dkact
context of its creation — tied together to proviféective
provenance which is capable of authenticating lonatva-
lidity and process. In some applications, proveeaiscre-
quired for regulatory purposes, but here our ppakigoal
has been to facilitate re-use of experimental tesul

Hence Publication at Source requires two thing$ dc-
quisition and a record of contextual provenances TEtter
can be represented as a hypertext. This is denatedtby
the ecrystals interface (Figure 2), in which thevenance
record can be navigated in the Web browser to chasle to
source data via the stages of analysis. The hyperés be
thought of as a separable structure in its ownt rfgtovid-
ing navigation through the analysis workflow). As-use
occurs, we can in principle enrich this hypertext.

The process that developed the data here is glgneralrn

agreed in the community. However in other areaSlam-
istry this cannot be taken for granted and the ggsmeeds
to be explicitly recorded (as a plan and the im@etation
of the plan) to be exchanged as part of the context

As Vannevar Bush wrote [Bush, 1945] “It is exacty
though the physical items had been gathered togéthra
widely separated sources and bound together to fonaw

formance or entries in the Electronic Lab Notebeoknd
then reusing this archived digital record in walyattmay
have been anticipated at the time of capture gnifstantly,
may not have been, so we ensure that the recomdnis
mally restrictive on re-use. This Record and Reresspec-
tive underlies e-Science. It is also the basis wf imple-
mentation of Publication at Source.

The federation model behind ecrystals illustrates t
complexity of the service provision, involving mapsgrties
sharing information. Similarly the harvesting oftemal
chemical information into a central store, thenriéhink in
terms of publishing rather than hoarding, illusteaa shift in
perspective towards an open system with a diveeseofs
knowledge sources which can be assembled for gieat
hand. This is consistent with the ‘Service Orienetbwl-
edge Utility’ vision of the Next Generation Grid §0Roure,
2008].

The emphasis is on not only the publication of tathp
output which is interlinked to the original dataitlon cap-
turing the digital record in all its forms and nmadi this
available for re-use. We believe this approach mésds
the ability for the information to be reused in wdkat were
not anticipated at the outset.

5.3 Annotation

In a sense, Annotation is our implementation of dRéa@nd
Reuse. The capture of contextual information atrc®us
annotation upon the data values; the provenancedés an
annotation of the data. In other words, to impleniecord
and Reuse we are building an annotation infrastract
one that handles multiple distributed interlinkednata-
tions, and which again supports re-use.

In this perspective we see the need for creatichnaain-
tenance of annotations — it makes explicit the fhat we
have a metadata lifecycle and infrastructure wisatheeply
associated with the data infrastructure but canideed as
a distinct infrastructure with its own set of erggning de-
mands.

We believe that annotation is key to making data
usable, by creating a suitably annotated form gftali re-
cord, but also that it is key to the process afise— by cre-
ating further annotation when data is re-used.usé of our
published knowledge is effectively annotation upband
ay add value. While much of our annotation is piosdl
automatically, there is also a role for explicihatation by
users — for example we have explored the bloggingxe
periment data.

Vannevar Bush also wrote “There is a growing momanta
of research. But there is increased evidence tleaane be-
ing bogged down today as specialization extends.ifives-
tigator is staggered by the findings and conclusiohthou-
sands of other workers—conclusions which he cafindt

-
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time to grasp, much less to remember, as they apjyea
specialization becomes increasingly necessary rfogrpss,
and the effort to bridge between disciplines isrespond-
ingly superficial.”

To benefit from these effects we need to shardiogvl-
edge that users are creating. Projects like R4kigeotool-
ing for this within the research environment, addieg the
interactions between repositories of primary redeaftata,
the laboratory environment in which they operate ae-
positories of research publications into which thati-
mately feed (through documented interpretation amaly-
sis of the results and in explicit linking and tibta of the
data sets). If we can create a common shared $peacave
can achieve the benefits of the scale of usage.

R&D for technical and social
system architecture

Transformative
(Revolutionary)

Creation and use within research & allied
provisioning of E education communities
advanced Cl

Figure 4. Borromean Rings, after Atkins

The third point is very much the subject of ourcdission

The ™Grid (see myGrid.org.uk) e-Science project hasnere. It is easy to think about cyberinfrastructwith a ser-

embraced the annotation perspective [Goble et28I06]
and is focusing on collaboration through the coeatof
™Experiment, a collaborative platform for life sdists to
share experimental information — in this cassilico work-
flows.

Additional to the direct benefits to the users,laming
and sharing information about what people are #gtda-
ing with the cyberinfrastructure provides a baeisrésearch
into enhancing the research environment. This deduthe
performance and function of the system, but alsoutbabil-
ity — again, users are key.

6 Discussion - The Grid of people

The three perspectives explain our model of colatie
knowledge acquisition in e-Science. PublicationSaurce
describes our model of publishing reusable knowdedg
the form of scholarly publication output and accamying
contextualised data. Record and Reuse is how wieach
this, realised within an open distributed environinwith
multiple federated stakeholders. The annotatiospmtive
describes how the knowledge is acquired and maiedai
through users participating in this environment.

Although the knowledge and data are deeply entwined

we can also look at the degree to which the medackn be
viewed as a separable infrastructure — it certaidg its
own lifecycle, owners etc. This is particularly @ent when
we think of the provenance hypertext in Publicatiain
Source, and the accumulation of annotation in thaeota-
tion perspective. Our real experience of usingdgrmstems
is teaching us about this second infrastructure.

Dan Atkins, the Director of the NSF Office of Cylver
frastructure, uses a picture of three symmetrieriotking
rings (‘Borromean rings’) to illustrate the alignmeof en-
deavours necessary to create, provision, and apigrin-
frastructure to enhance the activities of knowledgenmu-
nities. Removing any one of the three symmetrigside-
stroys the synergy:

« Transformative Application — to enhance discovery

& learning;

vice provision mentality, and to focus on connegtieople
to resources. We suggest instead that the mang o$@ur
knowledge sources are all participants in the Gritbt just
consumers of information but generators of new enof
value to others. With the appropriate tools welsrginning
to see a deeper sense of people contributing toyberin-
frastructure through being participants rather tjuat con-
sumers. It is as if we are taking the social meismarof the
scholarly knowledge cycle — publishing and reusingnd
applying it to the collaborative knowledge acquisitin the
cyberinfrastructure.

7 Conclusion

The key points arising from our reflections on gears of
developing and using systems for collaborative Kedge
acquisition in e-Science are as follows:

1. Holigtic View. Accelerating time-to-discovery means
accelerating time-to-experiment, not just accelegat
the experiment and subsequent data-processing;

2. Publishing data, results and experiments. As much at-
tention should be paid to publishing knowledge a@s a
quiring it. This is how we create an open environtne
of federated information sources to support theoorg
process of scientific discovery and development;

3. Making data, results and experiments re-usable. Cap-
turing context of data and provenance of resultssis
sential for flexible re-use of results. We have who

how Semantic Web technologies can be used to main-

tain the provenance record,;

4. Metadata Lifecycle. As illustrated by the Annotation
perspective, we are effectively creating a secaoihor
mation infrastructure with its own lifecycle, cldgen-
twined with our experiments and data;

5. Collaboration. People are participants, not just con-
sumers, and knowledge of all forms — including ex-
periments themselves — can be shared and re-used.

«  Provisioning — Creation, deployment and operatibn olt is interesting to ask whether these principlesunique to

advanced cyberinfrastructure;

the chemistry domain or can be applied elsewhee s\Wg-

« R&D to enhance technical and social dimensions ofest that they are generic and look forward tahierrexplo-

future cyberinfrastructure systems.

ration to investigate this.
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